The building of genetic maps in diploid organisms by crosses between different genotypes and estimation of recombination frequencies from the obtained segregation data has been successfully used since a very young step in the birth of genetics. The three-point cross methodology has facilitated this task and has demonstrated at the same time that genetic distances are not additive, as some recombinant products are not recognised in the progeny. Three-point cross also allows to examine if chiasma interference exists and its evaluation. Here I show that the classical method of this estimation is erroneous and inevitably determines the apparition of a spurious, positive interference, which has been claimed to be an almost general phenomenon. Interference can only be estimated from a precise knowledge of the number of crossing over events occurring in meiocytes.
INTRODUCTION
The occurrence of crossing over in the meiosis or diploid, sexually reproducing animals and plants has been a largely used tool to construct genetic maps. Recognition of this phenomenon comes from the apparition, in the progeny of particular crosses, of recombinant chromosomes, chromosomes that carry out genetic markers that were initially located on different chromosomes. Regarding two particular markers or genes, an interchange can separate them, which depends on the occurrence of a crossover in the chromosome segment limited by these two genes ( Fig. 1) . At this respect, a given gamete is named recombinant or parental making reference to these particular genes.
Because the number of crossovers affecting a given chromosome is limited, and these can occur at any point along it, the probability that two genes are separated by a crossover and give rise to recombinant gametes is largely directly related with the physical distance between them. This is the basis for building genetic maps: the larger the distance that separate two genes, the greater the probability that both genes can be segregated into the recombinant gametes by crossing over. The proportion of recombinant gametes then measures the genetic distance between two genes. If crossing over between genes A and B occurs, for instance, in 24% of the meiocytes, a total of 12% of recombinant gametes are generated for these genes, and the genetic distance between them is said to be 12 centiMorgan (12 cM).
This short introduction resumes the basic ideas exposed in most genetics textbooks about the principles used for constructing genetic maps based on recombination frequencies. Let's see this process in more detail.
When crosses including three or more genes are achieved, the data obtained from the progeny allows the simultaneous estimation of recombination values for pairs of genes. Let's suppose three A, B, C genes linked in this order into the chromosome (Fig. 2) . If the genetic distances between A-B, B-C and A-C are calculated, it is ease to construct a map showing the relative position of the three genes on the chromosome, being A-C the largest estimated distance. It is a well-known fact that if the distances between genes are small they behave addiEdited by Toshihiko Shiroishi * Corresponding author. E-mail: pcg@uniovi.es tively, that is, d AB + d BC = d AC . But for larger distances additivity fails, being usual to find that the distance between the more distant genes is less than the sum of the two partial distances:
The reason for this discrepancy rests upon the occurrence of double crossovers in the same chromosome, in such a way that if a crossing over occur between A-B and the other between B-C each event generates recombination between the mentioned pairs of genes but not necessarily between the outermost A-C genes (see Fig. 2 ). The gametes AbC and aBc are recombinant for the adjacent loci but not for the most extreme ones, this being the reason for the lack of additivity above commented.
There is no reason for thinking that the occurrence of a crossing over may have any influence on the occurrence of a second crossing over into the same chromosome. In such a case, it is said that the two events are independent. However, lack of independence have been found in several organisms, being the more frequent to find that the occurrence of a crossover diminishes the probability of a second crossover in a nearby region. This phenomenon is known as chiasma interference or crossover interference. Leaving out the basis underlying this fact, we are interested in knowing how it is detected and measured from the recombination data obtained using three genes (the so-called three point cross).
Interference is measured following a well know, simple methodology, which compares the observed frequency of double crossovers, that is, of AbC and aBc gametes, with their theoretical frequency of occurrence. If both values agree, interference is null, being positive or negative if the observed frequency is lesser or greater, respectively, than the expected.
The expected, theoretical frequency that two crossovers can occur independently in the same chromosome has been traditionally calculated in a simple way, that consists in multiplying the probability of each single event, that is, a crossover occurring in region I and another in region II. If d AB is the observed frequency of recombinants between A-B and d BC between B-C, then the respective frequencies of crossing over in regions I and II are 2d AB and 2d BC . Because, in average, only two of the eight (1/4) products from the double crossover can be detected as double recombinants (gametes AbC and aBc), the expected frequency of visible double crossovers is (1/4)(2d AB )(2d CB ) = d AB d CB . To the same formula we can arrive if the frequency of a gamete Ab or aB (d AB ) is multiplied by the frequency, for the same gamete, to be bC or Bc (d AB ).
Interference is then calculated using this value and the observed frequency of AbC and aBc gametes coming from the double crossover:
Let's call the above the "classical" model of calculating interference.
However, I will try to demonstrate that assign the frequency d AB d CB to the expected double recombinant gametes is erroneous. And it has been a mystery to me the reason for which this value has been used invoking the law of independence.
I am going to introduce a very simple model based on the binomial distribution. Let us to examine the Fig.  2 . Let's be p the frequency of crossover in region I, q in region II and r in any other point along the chromosome. Thus, it is true that (p + q + r = 1). These p and q probabilities represent the true genetic distances we are interested to know. From this trinomial it is ease to calculate the expected probabilities of simple, double or higher crossovers in the different regions following the law of independence of composite events.
If only occurs a single crossover along the chromosome, the probabilities it occurs in regions I, II or III are obviously the development of the trinomial at the power one, that is, (p + q + r) 1 . Thus the genetic distances A-B and B-C are calculated in a simple and direct manner, being sufficient to count the frequency of each type of recombinant gamete, which will be half the probabilities of crossing over in regions I and II: method its value will be which indicates complete interference. Textbooks of Genetics do not mention this possibility of absence of double crossovers in empirical data due to a small number of crossovers per chromosome, and interference is calculated nevertheless. If always occur two crossovers along the chromosome, the corresponding frequencies of crossovers can be obtained from the trinomial at the power two, (p + q + r) 2 ,
probabilities that are detailed in Table 1 .
The frequencies of recombinant gametes are function of the probabilities of crossover in each region, and yield new values of genetic distance for the same chromosomal regions, which can be obtained from Table 1 :
from which it is important to note that genetic distances are affected by the double crossover, especially for the occurrence of double crossover in the same region (p 2 and q 2 ). Because the number of crossovers is now two per chromosome, it could a priori be expected that genetic distances were duplicated. However, the genetic distances are something less than twice the obtained under the onecrossover per chromosome context: Solutions to this problem are addressed by map functions being the Haldane's correction the more used (Haldane, 1919; Casares, 2007) .
A more interesting question of applying my model deals with the interference measurement. The expected probability of observing double recombinant gametes AbC and aBc is, from Table 1 , (2pq)(1/4) = pq/2. If there is no interference, the observed double recombinant gametes should be equal to this expected value (pq/2) and in consequence I = 0. But if interference is calculated using the classical view in which expected double recombinants are estimated to be equal to d AB d CB , then we have that is, interference is estimated to be around fifty per cent when in fact it does not exist! , as we have been applying the law of independent events. This fact is very embarrassing, as I had been accepting the classical view since my first studies in genetics.
Summarizing, the classical way applied to recombination data in the three-point cross always detects spurious chiasma interference. As an added problem, the interference value goes from 100% to 50% as the mean number of crossovers per chromosome increase from 1 to 2. Therefore, it is erroneous to evaluate interference without a knowledge of the mean number of crossovers which occur in a given chromosome. Given this erroneous approach, it is not rare that all genetic textbooks consider that chiasma interference is a practically general phenomenon.
An example can illustrate the magnitude of the problem. Let's suppose that p = 0.2 and q = 0.1 being p and q the probabilities of crossover in regions I and II respectively (Fig. 1 ). Let's also suppose that only one or two crossovers occur in our chromosome with a mean value of 1.2. Under this assumption, the 80% of the meiocytes undergoes a single crossover and the remaining 20% undergoes two crossovers. Let's also assume that these later are not subjected to crossover interference. Then the genetic distances obtained from the resulting recombinant gametes would be:
/2) = 0.116 Table 1 . Frequencies and types of gametes appearing from two crossovers. Three ordered markers ABC delimit the chromosome regions I and II, while region III corresponds to the rest of the chromosome (see Fig. 2 ). The occurrence of crossovers in regions I, II and III of the chromosome have the associate probabilities p, q and r which sum the unity. The double recombinant gametes AbC and aBc would have the frequency (0.2)(pq/2) = 0.002
The expected frequency of these double recombinant gametes from the classical method is the product of the two calculated genetic distances: d AB d BC = 0.006844, from which interference result to be I = 1-0.002/0.006844 = 0.71
In short, positive interference is always present when calculated under the classical model, irrespective of its occurrence as a biological phenomenon.
Interference decreases when the number of crossovers per chromosome increases. The reason is that genetic distances are more and more subestimated as the number of multiple crossovers per chromosome increases. The greater the number of multiple crossovers, the greater the number of recombinant gametes that are not recognised.
DISCUSSION
The estimation of genetic distances from recombination data as a way of building genetic maps is one of the basic milestones from which a variety of genetic branches have derived. The present paper shows how a notable conceptual error in the estimation of positional chiasma interference is being maintained since a long time. The error centres on the mean number of crossovers per chromosome and the resulting frequency of recombinant gametes. It is true that one crossover between two markers determines that half of the resulting gametes are recombinant, and this fact permits to relate, in a direct and simple manner, the observed recombination value and the frequency of crossovers occurring in that particular chromosomal region. That relation is which is known as a map function. In this case, genetic distance is calculated as half the crossover frequency value.
But it is also accepted that two or more crossovers in the same region also produce half of all gametes to be recombinant, an assertion which, in spite of be wrong, has not hinder the use of the aforementioned map function for these new situations. As the real number of crossover in the meiocytes cannot be known from segregation data, the recombinant gametes are mixed independently of if they came from cells suffering single, double or multiple crossovers, all of which generates important errors in the estimation of genetic distances, and especially in the theoretical expectations of recombinant gametes.
Even more difficult to accept conceptually is that for estimating the possible crossover interference the law of combining independent events is cited, but then it is incorrectly applied. The error is so large that the true expected frequency of double crossovers is roughly half the used in classical calculations. The consequence is that spurious positive chiasma interference is mostly detected, and it has been largely accepted as a phenomenon that occurs in an almost general way. If interference exits or not in a given organism can be examined by particular methodologies, but it cannot be deduced from the context of analyzing segregation data.
The ultimate reason of this wrong classical procedure starts from a theoretically fallacious approach. Genetic distances are obtained from counting the number of recombinant gametes, but these came from two very different scenarios: (i) the occurrence of a single crossover per chromosome, and (ii) of two or more crossovers per chromosome. Recombinant gametes are produced in both cases, but only in the second case double recombinant gametes are produced. However, results of these two different scenarios, the recombinant gametes, are summed for obtaining the distances d AB and d BC leaving out left the principle that these gametes originate from two conceptually different processes which should never have been mixed.
Under independence, the probability of a double event is calculated as the product of each single-event probabilities. But for calculating these single-event probabilities I cannot use data coming from the double event ! This is what does the classical way of estimating interference. Mathematically, this is a misconception. In consequence, a genetic distance, which is calculated from data of single and double events, is used to calculate the probability of double events.
There is today a large body of knowledge showing that chiasma interference is a true phenomenon that occurs in many species. It is also known that the number of crossovers is not always constant, and variation in this number between sexes, varieties or populations, individual physiological status, etc., and even between chromosomal regions have been found for several species, a feature which generates somewhat different genetic maps and chromosome lengths estimations for sexes, populations, etc. But the question I deals here is that chiasma interference cannot be deduced from data of the simple threepoint crosses, and in this sense I want to advise about the greatly extended classical way of interpreting the threepoint test and falsely deducing the occurrence of interference.
The prestigious genetics textbook by Griffiths et al. (1996) says in page 134: "If the crossovers in the two regions are independent, then according to the product rule, the frequency of the double recombinants would equal the product of the recombinant frequencies in the adjacent regions". This reasoning does not differ of the declared 80 years earlier by Muller (1916) : "On the assumption that separation between A and B has no influence on separation between B and C …. the percent of double crossovers would be equal to the product of per cents AB and BC".
A review of genetic textbooks since 1916 to date reveals that most, if not all, of them use the above reasoning and the classical approach to demonstrate the occurrence of interference. In some cases, using published data from maize, Drosophila, or other organisms; in other cases with data prepared "ad hoc" by the author. In no case the mean number of crossovers is mentioned, as it is unknown, evidently. And the same is applicable to the large body of information that can be read on the internet from very diverse sites, a great majority of them housed in web pages of prestigious universities. The final question is that students and people interested in recombination and chiasma interference can accept this phenomenon from a theoretically erroneous approach, as I demonstrate, and the present paper is an effort to avoid this unfortunate situation.
